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1
PHOTOACTIVATED CROSSLINKING OF A
PROTEIN OR PEPTIDE

This application is a filing under 35 U.S.C. §371 of Inter-
national Patent Application PCT/AU2008/001178, filed Aug.
14,2008, which claims priority to Australian Application No.
2007904359, filed Aug. 14, 2007, Australian Application No.
2007904381, filed Aug. 14, 2007, and Australian Application
No. 2008901531, filed Mar. 31, 2008.

TECHNICAL FIELD

The present invention relates to photoactivated crosslink-
ing of a protein or peptide to form a biomaterial and, more
particularly, to the preparation of a manufactured article of
cross-linked proteinaceous material, the manufacture of such
materials and their uses. Without limitation, in embodiments
the invention relates to a peptidic or proteinaceous scaffold
for tissue engineering and methods for the use of such a
scaffold. The present invention additionally relates to a
method of adhesion or the joining and/or sealing tissues
involving administration of a photoactivatable composition
in surgical procedures and medical methods, and composi-
tions for use in said methods. The present invention addition-
ally relates to a method of joining and/or sealing non-biologi-
cal materials and compositions for use for this purpose.

BACKGROUND ART

Tissue engineering including the use of biomaterials offers
a novel route for repairing damaged or diseased tissues by
incorporating the patients” own healthy cells or donated cells
into temporary housings or scaffolds as well as sealing and/or
joining severed tissues. The structure and properties of the
scaffold are critical to ensure normal cell behaviour and per-
formance of the cultivated or repaired tissue. Biomaterials
play a crucial role in such schemes by offering flexible design
opportunities, directing subsequent cellular behaviour or
function, as well as facilitating resorption rates and ultimate
tissue form and strength.

A range of approaches has been used for the construction
and assembly of such biomaterials, including the use of a
number of synthetic materials, but it is clear that materials
from natural sources are superior because of their inherent
properties of biological recognition, and their susceptibility
to cell-triggered proteolytic breakdown and remodelling.

Natural protein such as extracellular matrix (ECM) pro-
teins show promise in tissue engineering applications
because of their biocompatibility, but have been found to be
lacking in many areas as a result of inappropriate physical
properties. For example, McManus et al (2006) have found
that electrospun fibrinogen has insufficient structural integ-
rity for implantation, and instead employed an electrospun
fibrinogen-polydioxanone (PDS) composite scaffold for uri-
nary tract reconstruction. Fibrinogen, collagen, elastin, hae-
moglobin and myogloglobin are reported to have been elec-
trospun (Barnes et al, 2006). The electrospinning process
involves imparting a charge to a polymer solution (or melt)
and drawing the charged solution into a nozzle. As the elec-
trostatic charges within the solution overcome the surface
tension, a liquid jet is initiated at the nozzle. The liquid jet is
directed to a rotating mandrel some distance away. As the
solution travels the solvent evaporates, and a film is deposited
on the mandrel, thus a non-woven, fibrous mat is produced.
Additionally, fibrin microbeads and nanoparticles are
described in WO 03/037248 (Hapto Biotech, Inc.) and com-
prise beads of fibrinogen and thrombin manufactured by mix-
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2

ing an aqueous solution of fibrinogen, thrombin and Factor
XIII and oil at 50-80 C to form an emulsion. To form nano-
particles the emulsion so-formed is homogenised and the
nanoparticles isolated by filtration as a fibrin clot created
following cleavage of fibrinogen under the influence of
thrombin and Factor VIII. However, these beads and fibres are
limited in their shape configuration and flexibility.

Biomaterials such as tissue adhesives have been suggested
as alternatives in surgical procedures to physical procedures
of'connecting tissues such as sutures and staples. Tissue adhe-
sives will hold cut or separated areas of tissue together to
allow healing and/or serve as a barrier to leakage, depending
on the application. The adhesive should break down or be
resorbed and it should not hinder the progress of the natural
healing process.

Ideally, the agent should promote the natural mechanism of
wound healing and then degrade.

Tissue adhesives are generally utilized in three categories:

i) Hemostasis (for example, by improving in vivo coagu-
lation systems, tissue adhesion itself has a hemostatic aim and
it is related to patient clotting mechanisms)

ii) Tissue sealing: primary aim is to prevent leaks of various
substances, such as air or lymphatic fluids.

iii) Local delivery of exogenous substances such as medi-
cations, growth factors, and cell lines.

One accepted value of fibrin glues lies in their unique
physiologic action, which mimics the early stages of the
blood coagulation process and wound healing; the part of the
normal coagulation cascade to produce an insoluble fibrin
matrix. Fibrinogen is a plasma protein which is naturally
cleaved to soluble fibrin monomers by the action of activated
thrombin. These monomers are cross-linked into an insoluble
fibrin matrix with the aid of activated factor XIII. The adhe-
sive qualities of consolidated fibrin sealant to the tissue may
be explained in terms of covalent bonds between fibrin and
collagen, or fibrin, fibronectin and collagen. Fibrin glues act
as both a hemostatic agent and as a sealant. They are bioab-
sorbable (due to in vivo thrombolysis). Degeneration and
reabsorption of the resulting fibrin clot is achieved during
normal wound healing.

All fibrin sealants in use as of 2008 have multi-component
having two major ingredients, fibrinogen and thrombin and
optionally human blood factor XIII and a substance called
aprotinin, which is derived from cows’ lungs. Factor X1l is a
compound that strengthens blood clots by forming covalent
cross-links between strands of fibrin. Aprotinin is a protein
that inhibits the enzymes that break down blood clots. How-
ever these sealants being multicomponent require double bar-
relled syringes, reconstitution of the multiple components
and require exquisite mixing during application to give rise to
a uniform and efficious glue.

In an effort to develop a single component protein derived
biomaterial, purified thrombin has been developed and now
marketed to controlling bleeding during surgery. Upon its
application to the tissue site the thrombin cleaves endogenous
fibrinogen to produce fibrin in vivo. It is well known that
fibrin (which forms the fibrillar matrix on thrombin cleavage
of fibrinogen) self-associates (Mosesson MW (2005) Moses-
son etal MW, 2001). Factor XIII may be co-administered, and
causes dimerisation of the 7-chain of fibrinogen in associa-
tion with its cleavage by thrombin (Furst W, et al (2007). The
success of the procedure relies upon Factor XIII-mediated
crosslinking (Lee M G and Jones D (2005) to stabilise the
thrombin-derived clot, and a process of stabilising the clot
which does not rely on the presence of Factor XIII would be
desirable. This single component biomaterial is limited in its
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applicability, can practically only be used for small bleeds,
and the resultant clot, which is slow to form typically has low
mechanical strength.

Despite the availability of all of these different biomaterials
for the surgeon to use in various surgical procedures there still
remains a need for a simple biomaterial that is tunable in its
mechanical and biological properties, is easy to use and apply
and can be used in a variety of applications for a variety of
diseases and surgical procedures.

SUMMARY OF THE INVENTION

In one aspect there is provided a method of crosslinking a
protein or peptide for use as a biomaterial, the method com-
prising the step of irradiating a photoactivatable metal-ligand
complex and an electron acceptor in the presence of the
protein or peptide, thereby initiating a cross-linking reaction
to form a 3-dimensional matrix of the biomaterial.

In a further aspect there is provided a biomaterial compris-
ing a 3-dimensional matrix of a protein or peptide crosslinked
through irradiation a photoactivatable metal-ligand complex
and an electron acceptor in the presence of the protein or
peptide, thereby initiating a cross-linking reaction to form a
3-dimensional matrix of the biomaterial.

Ina still further aspect there is provided a method of joining
and/or sealing tissues in a surgical procedure or medical
treatment, comprising the steps of:

(1) applying to a tissue portion a photoactivatable metal-
ligand complex and an electron acceptor and optionally an at
least partially denatured protein

(2) irradiating said tissue portion to photoactivate the pho-
toactivatable metal-ligand complex;

thereby initiating a cross-linking reaction between

(a) one or more endogenous proteins and/or

(b) said at least partially denatured protein

to seal said tissue portion or join said tissue portion to an
adjacent tissue portion and

wherein said at least partially denatured protein has been
rendered more susceptible to photochemical cross-linking
compared to its native state

In a still further aspect there is provided a closure for a
leaking wound comprising a substrate suitable for application
to a wound to stem leakage, wherein said substrate is impreg-
nated or coated with a photoactivatable metal-ligand complex
and an electron acceptor or with an at least partially denatured
protein, a photoactivatable metal-ligand complex and an elec-
tron acceptor, wherein said at least partially denatured protein
has been rendered more susceptible to photochemical cross-
linking compared to its native state.

In a yet another aspect there is provided the use of throm-
bin, a photoactivatable metal-ligand complex and an electron
acceptor for joining and/or sealing tissues.

In a yet another aspect there is provided the use of a pho-
toactivatable complex and an electron acceptor for joining
and/or sealing tissues.

In a yet another aspect there is provided a composition
comprising an at least partially denatured protein, a photoac-
tivatable metal-ligand complex and an electron acceptor,
wherein said at least partially denatured protein or chemically
modified protein has been rendered more susceptible to pho-
tochemical cross-linking compared to its native state.

In a yet another aspect there is provided the use of an at
least partially denatured protein, a photoactivatable metal-
ligand complex and an electron acceptor for joining and/or
sealing tissues.
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In ayet another aspect there is provided the use of a protein
or peptide, a photoactivatable metal-ligand complex and an
electron acceptor for joining and/or sealing substrates.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a photograph of electrophoresis gel in which
reaction mixtures containing 25 pg of bovine fibrinogen
(Sigma); 2 mM [Ru(bpy);]Cl,; 20 mM persulfate (Sodium
salt) all in 25 pl PBS were exposed to 300 W incoherent light
from Quartz Halogen dichroic source for various times:

Lane No. Sample

0 secs
1 sec
2 sec
5 sec
sec
sec
sec
Protein size standards

[ N e R N R S

FIG. 2 shows a photograph of an electrophoresis gel in
which reactions mixtures containing 25 pg of bovine fibrino-
gen (Sigma); 20 mM persulfate (Sodium salt) and various
concentrations of [Ru(bpy);]Cl,, all in 25 pl PBS, were
exposed to 300 W incoherent light from Quartz Halogen
dichroic source for 1 min.

Lane No. Sample
1. MW Standards (as above)
2. 2 mM [Ru(bpy)3]Cl,, No Light
3. 0 [Ru(bpy)sICL
4. 0 NaP$
5. 1 uM
6. 5 uM
7. 10 uM
8. 25 uM
9. 50 uM
10. 100 uM
11. 500 pM
12. 2000 pM

FIG. 3 shows a photograph of an electrophoresis gel in
which reaction mixtures containing 25 png of bovine fibrino-
gen (Sigma); 2 mM [Ru(bpy),]Cl, (Aldrich) all in 25 pl PBS.
(SPS: sodium persulfate; APS: ammonium persulfate) were
exposed to 300 W incoherent light from Quartz Halogen
dichroic source for 1 min.

Lane No. Sample

mM SPS
mM SPS
5 mM SPS
mM SPS
mM SPS
mM SPS
mM SPS
mM APS
mM APS
mM APS
persulfate
MW Standards. (as above)

WO N R W
—
[
wn

—_
—
<

FIG. 4 is an electrophoresis gel showing the results of
cross-linking when alternative electron acceptors (oxidants)
are employed, in which the lanes are as follows:
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S. Protein Standard

Fib+2 mM Ru2+only

Fibrinogen only

Fib+2 mM Ru2++NaPS

Fib+2 mM Ru2++Vit B12

Fib+2 mM Ru2++Cerium Sulphate

Fib+2 mM Ru2++Cerium Nitrate

Fib+2 mM Ru2++Oxalic acid

Fib+2 mM Ru2++Na-Periodate

Fib+2 mM Ru2++EDTA

FIG. 5 is a gel showing the results of cross-linking using
alternative metal-ligand complexes (catalysts), in which the
lanes are as follows:

S. Protein Standard

Fibrinogen only

Fib+1 mM Ru2+only

Fib+10 mM NaPS only

Fib+10 mM H202 only

Fib+1 mM Ru2++10 mM NaPS

Fib+1 mM Ru2++10 mM H202

Fib+1 mM Hemin only

Fib+1 mM Hemin+10 mM NaPS

Fib+1 mM Hemin+10 mM H202

FIG. 6 shows a photograph of an electrophoresis gel that
demonstrates ruthenium-catalysed photo-crosslinking of the
additional matrix proteins fibronectin and collagen.

Lanes:

Gel A:

1. horse fibronectin

2. horse fibronectin crosslinked with [Ru(bpy),]Cl,

5. Devro medical collagen (4 mg/ml); kangaroo tail

6. Devro medical collagen (4 mg/ml); kangaroo tail,

crosslinked with [Ru(bpy);]Cl,

7. bovine fibrinogen

8. bovine fibrinogen crosslinked with [Ru(bpy);]Cl,

Gel B:

. horse fibronectin

. horse fibronectin crosslinked with [Ru(bpy);]Cl,

. Devro medical collagen (4 mg/ml); kangaroo tail

. Devro medical collagen (4 mg/ml); kangaroo tail,
crosslinked with [Ru(bpy);]Cl,

. Chicken collagen

. Chicken collagen crosslinked with [Ru(bpy);]Cl,

. bovine fibrinogen

. bovine fibrinogen crosslinked with [Ru(bpy);|Cl,.

FIG. 7 demonstrates the rapid and efficient cross-linking of
soluble collagen solutions using the photochemical process.
Collagen in solution (Devro) was cross-linked using Ruthe-
nium complex and white light for 30 secs then run on 10%
PAGE in denaturing conditions:

1. Kangaroo Tail Collagen 20 ng

2. Kangaroo Tail Collagen 20 pg Ruthenium cross-linked

3. Calf Skin Collagen 20 pg

4. Calf Skin Collagen 20 pg Ruthenium cross-linked

revealing the very high MW collagen polymer formed
after 30 secs illumination (lanes 2,4)

FIG. 8 demonstrates the highly efficient cross-linking of
fibronectin using the photochemical process. Bovine
fibronectin was purified from bovine plasma cryoprecipitate
using gelatin-agarose chromatography, eluted with 3M urea.
Shown are 4 different fibronectin-rich fractions from the puri-
fication (lanes 2, 3, 4, 5) and the same following cross-linking
with Ru chemistry for 20 secs (lanes 6-9). Lanes 3 and 7
shows that traces of fibrinogen present in that particular frac-
tion also participates in the reaction.

FIG. 9 demonstrates the casting of a 3-D structure from
fibrinogen, potentially serving as an implantable biocompat-
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6

ible prosthesis or scaffold. Fibrinogen solution (150 mg/ml)
mixed with Ruthenium complex was cast in a Lucite mould
and illuminated for 30 secs with white light. Scale rule
marked in mm.

FIG. 10 demonstrates a solid lens-shaped structure cast
from collagen solution. A solution of bovine collagen (1%)
was cast in a glass hemispherical well and cross-linked using
Ru chemistry then dialysed against PBS for 24 hours.

FIG. 11 demonstrates using gel electrophoresis the highly
rapid and efficient cross-linking of soluble fibrinogen. 4
mg/ml Pig Fibrinogen (Sigma) was cross-linked for 30 secs
and run on Denaturing SDS-PAGE. Lanes 2, 4, 6: 10, 20, 50
microgram protein respectively; lanes 3, 5, 7 same after cross-
linking. Lanes 1, 8: MW standards. All subunits of fibrinogen
participate in the cross-linking reaction.

FIG. 12 demonstrates the cross-linking of soluble dena-
tured bovine serum albumin (BSA) Bovine serum albumin
(BSA) attwo concentrations (1 and 4 mg/ml) was dissolved in
two buffers (50 mM sodium Acetate pH 4.0 or 50 mM tris-
glycine, pH 9.0). Samples were heat denatured at 80 deg. for
60 min. Gel shows various BSA samples (native and dena-
tured; cross-linked and uncross-linked; pH4.0 and pH9.0):

1. BSA 1 mg/ml Denatured pH 4.0 (1 hr, 80 deg C.)

2.BSA 1 mg/ml Denatured pH 4.0 Ruthenium cross-linked

3.BSA 4 mg/ml Denatured pH 4.0 Ruthenium cross-linked

4. BSA 1 mg/ml Native pH 4.0

5. BSA 1 mg/ml Native pH 4.0 Ruthenium cross-linked

6. BSA 4 mg/ml Native pH 4.0 Ruthenium cross-linked

7. BSA 1 mg/ml Denatured pH 9.0

8.BSA 1 mg/ml Denatured pH 9.0 Ruthenium cross-linked

9.BSA 4 mg/ml Denatured pH 9.0 Ruthenium cross-linked

10. BSA 1 mg/ml Native pH 9.0

11. BSA 4 mg/ml Native pH 9.0 Ruthenium cross-linked

12. Broad Range Standards

Native and denatured BSA are cross-linked at pH 4.0 (lanes
2,3 and 5,6 respectively). Solid gels have also been prepared
from 100 mg/m1 BSA in buffer at pH4.0. At pH 9.0 native and
denatured BSA are only incompletely reactive showing the
effect of pH on the protein interaction.

FIG. 13 demonstrates that cells (chondrocytes) exposed to
sodium persulphate for 60 mins retain viability within a range
persulphate levels. Human chondrocytic cells were pre-
seeded onto Cultispher S beads. After growth for 6 days, an
aliquot of cells on beads were incubated in PBS containing
the above concentrations of sodium persulphate for 1 hr then
washed 3 times in PBS and stained with calcein AM for live
cells (green) and ethidium homodimer for dead cells (red).

FIG. 14 demonstrates that cells (human chondrocytes)
mixed with soluble porcine fibrinogen containing persulphate
salt and Ru(Bpy); retain viability at 60 minutes before and
after photo-activated cross-linking. Human chondrocytic
cells were pre-seeded onto Cultispher S beads. After growth
for 7 days, an aliquot of cells on beads, along with cells alone
(without beads) were mixed with porcine fibrinogen (200
mg/ml), 10 mM ammonium persulphate and 2 mM Ru(Bpy);.
Mixtures of cells on beads or cells alone in fibrinogen con-
taining the photochemical reagents were cross-linked with
blue light (5x20 s) and cell viability in uncured and cross-
linked constructs were assessed at 60 minutes using calcein
AM for live cells (green) and ethidium homodimer for dead
cells (red).

FIG. 15 demonstrates photo-activated cross-linking of
gelatin into tissue culture scaffolds suitable for cell seeding.
Various gelatin types (A,B) from bovine and porcine origin
with varying bloom strengths were dissolved at 480 C for 24
to 48 hrs, the pH adjusted to 7.0-7.5, and filter sterilised using
a0.45 um filter. In this figure porcine 300 bloom gelatin (~100
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mg/ml) was mixed with 13.3 mM sodium persulphate and 1.3
mM Ru(Bpy), and cross-linked with blue light (5x20 s). All
solutions formed firm plugs that remained solid upon heating
to 560 C (Day 0). Plugs were stable and remained sterile in
PBS at 370 C up to 9 days.

FIG. 16 demonstrates biocompatibility of photo-activated
cross-linked gelatin plugs with mouse NR6 fibroblasts. Ster-
ile gelatin plugs, prepared as described in FIG. 9, were seeded
with 60x10° NR6 mouse fibroblasts in 1.2 ml DMEM culture
medium containing 10% FBS in 24 well tissue culture plates,
and incubated for 5 days at 370 C. Cells remained viable over
the culture period with no signs of toxic, leachable com-
pounds from the photochemical process. Cell viability was
assessed using calcein AM for live cells (green) and ethidium
homodimer for dead cells (red).

FIG. 17 demonstrates viability of cells (human chondro-
cytes) after 24 hrs entrapped within various photo-activated
cross-linked gelatins. Human chondrocytic cells were pre-
seeded onto Cultispher S beads. After growth for days, an
aliquot of cells on beads was mixed with gelatin from porcine
and bovine origin with different bloom strengths as shown.
Photo-activated agents were added and gelatin solutions with
cells on beads were cross-linked. After 24 hrs, cell viability
was assessed using calcein AM for live cells (green) and
ethidium homodimer for dead cells (red). Top row shows low
power images of viable cell/beads distribution with the cured
gelatin plugs. Bottom rows show higher power confocal
images visualising live cells attached on beads within a dark
gelatin matrix background.

FIG. 18 demonstrates cell migration within the photo-
activated cross-linked gelatin matrix. Human chondrocytes
were prepared, mixed with porcine gelatin and cross-linked
as in FIG. 17. Cell migration was assessed day 1 to day using
normal transmission microscopy as well as using fluores-
cence staining of viable cells as indicated in FIG. 11.

FIG. 19 shows graphically the mechanical properties of
photo cross-linked fibrinogen hydrogel. A solution of fibrino-
gen (150 mg/ml) was prepared in phosphate-buffered saline
and ruthenium trisbipyridyl and sodium persulphate were
added at 2 mM and 20 mM final concentrations, respectively.
A dumbbell-shaped strip (30 mmx4 mmx1 mm) with stain-
less-steel strips at each end was mounted in the tensile tester
and extension increased by steps of 20% strain until the strip
failed.

FIG. 20 shows graphically data generated using a Photo-
rheometer with a tunable light source and a 400 nm-500 nm
filter. The data shows the shear modulus (G')before and after
turning on the light (at 1 min) measuring a solution containing
150 mg/ml fibrinogen, 2 mM Ru(Il)(bpy),** and 20 mM
sodium persulfate in PBS. The reaction is complete within 1
min. Light intensity was 21 mW/cm?. Shear modulus reaches
50 KPa. Duplicate plots overlayed; 3 data points/sec were
sampled.

FIG. 21 shows the result of treating two concentrations of
fibrinogen for 2 minutes at room temperature with thrombin.
Panel A shows a clot formed from a 5 mg/ml solution of
fibrinogen (similar to the concentration of fibrinogen in
blood—ref: Weisel J W. Fibrinogen and fibrin. Adv Protein
Chem. 2005; 70:247-99.). Panel B shows a stiffer clot formed
from a 50 mg/ml solution of fibrinogen. Both fibrinogen
solutions were treated with 10.5 U of thrombin at room tem-
perature. Both clots were completely soluble in 2.5% acetic
acid within 2 minutes at room temperature. Panel C shows
photochemically crosslinked fibrin (samples treated as in A,
but 2 mM ruthenium tris-bipyridyl and 20 mM sodium per-
sulphate added simultaneously with thrombin in the dark).
The samples were then illuminated with white light (600 W
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tungsten halide lamp) for 10 seconds. Samples were subse-
quently soaked in 2.5% acetic acid (“5” is fibrinogen at 5
mg/ml; “50” is fibrinogen at 50 mg/ml) and were insoluble as
shown. Panel D shows a fibrinogen sample 5 mg/ml) treated
with 2 mM ruthenium tris-bipyridyl and 20 mM sodium per-
sulphate, added simultaneously with thrombin in the dark.
The fibrin clot was subsequently transferred in the dark to a
solution of 2.5% acetic acid. After 2 minutes at room tem-
perature, the clot dissolved completely, demonstrating that,
without illumination, no covalent crosslinking occurred in the
fibrin clot.

FIG. 22 is a photograph showing foamed, photo-
crosslinked fibrinogen scaffolds, seeded with C2 C12 cells
and implanted subcutaneously into nude mice. Scaffolds and
surrounding tissue were sectioned and stained with Masson’s
trichrome at 2 weeks (A) and 4 weeks (B) after implantation.
Arrows indicate multinucleated myotubes and blood vessels.

DETAILED DESCRIPTION OF THE INVENTION

In one form the invention relates to the preparation of
manufactured articles. In an embodiment there is provided a
method of manufacturing an article, comprising the steps of:

(1) providing a preferentially associating protein solution,
a photoactivatable metal-ligand complex and an electron
acceptor,

(2) irradiating the protein solution to photactivate the pho-
toactivatable metal-ligand complex, thereby initiating a
cross-linking reaction to form a 3-dimensional matrix of the
protein.

In an embodiment the manufactured article is selected
from moulded articles such as dressings and pads, implants,
lens, tubes, beads and fibres, sponges and sheets.

In an embodiment the manufactured article is a scaffold for
tissue engineering or cell-based therapies.

Alternatively the manufactured article may be a scaftold for
use in non medical applications such as cell culture or water
retention beads.
Thus an embodiment relates to a method of preparing a scaf-
fold for tissue engineering or cell-based therapies, compris-
ing the steps of:

(1) providing a preferentially associating protein solution,
a photoactivatable metal-ligand complex and an electron
acceptor,

(2) irradiating the protein solution to photactivate the pho-
toactivatable metal-ligand complex, thereby initiating a
cross-linking reaction to form a 3-dimensional matrix of the
protein.

In an embodiment the protein solution is introduced to a
shaped vessel capable of transmitting light so as to allow
shaped articles to be produced. Alternatively the solution may
be irradiated without a guide to shape the article, and the
product will be formed as fibres or beads. Additionally the
solution may be sprayed or printed.

In an embodiment the irradiation is conducted prior to
implantation of the scaffold or prior to use of the scaffold.
However the irradiation may be carried out in full or in part
following introduction of the protein solution, be that follow-
ing partial cross-linking or otherwise, to a patient. Advanta-
geously the protein solution is partially cross-linked to facili-
tate shaping, and typically is in the form of a hydrogel when
introduced to the patient. In an embodiment the hydrogel is
injectable.

In a further embodiment there is provided a manufactured
article comprising a 3-dimensional matrix of a protein which
is capable of preferential association through the interaction
of hydrophobic amino acid side chains, wherein said 3-di-
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mensional matrix comprises said protein cross linked by
covalent bonds formed between amino acid side chains jux-
taposed through the interaction of hydrophobic amino acid
side chains of the protein.

In a still further embodiment there is provided a scaffold
for tissue engineering comprising a 3-dimensional matrix of
aprotein which is capable of preferential association through
the interaction of hydrophobic amino acid side chains,
wherein said 3-dimensional matrix comprises said protein
cross linked by covalent bonds formed between amino acid
side chains juxtaposed through the interaction of hydropho-
bic amino acid side chains of the protein.

In an embodiment the protein is a matrix protein. In par-
ticular the protein may be selected from, but not limited to the
group consisting of fibrinogen, fibrin, collagen, keratin, gela-
tin, fibronectin, and laminin, or admixtures thereof.

In an embodiment the protein is a globular protein in which
preferential association has been induced by chemical modi-
fication or unfolding. Unfolding of a protein may be induced
by raising or lowering the pH, decreasing or increasing the
ionic strength of a protein solution or in other ways know to
the person skilled in the art. For example, at pH 4.0 serum
albumin is transformed from the “normal” (N) configuration
to the “fast (F) configuration. Chemical modification may
include addition of attached residues such as tyrosine resi-
dues under mild conditions with Bolton-Hunter reagent.

In an embodiment the article is in the form of a hydrogel
and such a hydrogel is particularly useful for applications
such contact lens, breast implants, reservoirs for drug deliv-
ery systems, protective layers on stents and implants so as to
provide, for example, absorption, desloughing and debriding
capacities of necrotics and fibrotic tissue and for use as a
scaffold for tissue engineering or in cell delivery. The article
could also be useful in agricultural applications such as a slow
release fertilising bead.

Inan embodiment the vessel is a transparent mould adapted
to produce a shaped article. This may be of tubular design, for
example for introduction as part of a lumen ofa blood vessel,
duct or tract such as the urinary tract. Alternatively the shaped
article may be a prosthesis shaped to fit a particular surface, a
sheet or mat, a membrane or a sponge.

In an embodiment the protein is introduced into a tissue or
tissue defect and irradiated in situ to photoactivate the pho-
toactivatable metal-ligand complex. The product may be
introduced directly without concern for the shape. For
example, a protein solution may be prepared with live cells as
inclusions and cured in situ before, during or after injection.

In an embodiment the protein solution further comprises a
therapeutic agent selected from the group consisting of cells,
growth factors, bioactive agents and nutrients. In an embodi-
ment a drug (particularly a chemotactic, growth promoting or
differentiation factor but also a conventional drug such as an
antibiotic or chemotherapeutic drug) is introduced to the pro-
tein solution. While not wishing to be bound by theory it is
believed that the therapeutic agent is captured in the 3-dimen-
sional matrix formed by the cross-linking reaction and so
retained in situ for an extended period before the matrix
degrades.

Additionally, the present inventors have found that the
photochemical reaction described herein can create covalent
cross-links between endogenous proteins if applied to a tis-
sue. Thus in an embodiment there is envisaged a method of
joining and/or sealing tissues in a surgical procedure or medi-
cal treatment, comprising the steps of:
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(1) applying a photoactivatable metal-ligand complex and
an electron acceptor to a tissue portion;

(2) irradiating said tissue portion to photoactivate the pho-
toactivatable metal-ligand complex;

thereby initiating a cross-linking reaction between one or
more endogenous matrix proteins to seal said tissue portion or
join said tissue portion to an adjacent tissue portion.

In particular, the photochemical reaction described herein
can form covalent crosslinks in a fibrin matrix such as that
formed when thrombin catalyses the conversion of fibrinogen
into fibrin in haemostasis. Thus it may be used to enhance the
adhesive strength of the clot formed when haemostasis takes
place in vivo.

In an embodiment thrombin is applied to the tissue
whereby fibrin is formed by cleavage of endogenous fibrino-
gen under the influence of the applied thrombin and said fibrin
is involved in the photoactivated cross-linking reaction. It will
also be appreciated that a combination of prothrombin and
calcium applied to a wound site can also serve as a source of
thrombin.

The method may involve moving the said tissue portion to
a position adjacent, inclusive of touching, the adjacent tissue
portion, where necessary, such as when a relatively large gap
exists between them. Alternatively, the matrix resulting from
the cross-linking reaction may form a plug which neverthe-
less binds the tissues to either side of an incision or opening.
Furthermore, the cross-linked matrix may form a coating over
a region of tissue, and may be shaped or supported as appro-
priate, for example, the thrombin and/or photoactivatable
metal-ligand complex and electron acceptor may be carried
by a collagen sheet or impregnated in a surgical gauze or
fleece. Accordingly, it will be appreciated that the cross-
linked matrix can adopt a physical form to suit the application
in which it is used, and it will be applied in the appropriate
manner to suit that purpose.

In an embodiment the method is used to seal a vessel. This
may be to seal blood vessels to prevent blood loss, to treat
lung tissue for sealing air leaks, to prevent cerebrospinal fluid
leakages or to seal a vessel to prevent leakage of any other
biological fluid.

In an embodiment the method is used to join a first tissue
portion and a second tissue portion to seal a wound such as an
incision, for example, in aesthetic or cranial surgery.

In an embodiment the method is used to treat a soft tissue
such as liver or lung tissue which has suffered injury, for
example, by coating the tissues.

Tissue adhesives of the present invention may also be used
as wound dressings, for example, if applied alone or in com-
bination with adhesive bandages, or as a haemostatic dressing
in the operating room.

In an embodiment there is provided a closure for a leaking
wound comprising a substrate suitable for application to a
wound to stem leakage, wherein said substrate is impregnated
or coated with a photoactivatable metal-ligand complex and
an electron acceptor.

In an embodiment the closure further comprises thrombin.

In an embodiment the substrate is a bandage, gauze, cloth,
tampon, membrane or sponge.

In this embodiment there is also envisaged a method of
stemming bleeding from a wound comprising applying a
closure as described to the wound and irradiating the closure
and surrounding tissue, thereby causing a cross-linking reac-
tion between fibrin formed by cleavage of endogenous
fibrinogen under the influence of the thrombin within or coat-
ing the closure and one or more endogenous matrix proteins
in the surrounding tissue to join the closure to the surrounding
tissue.
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According to a further aspect of the present invention there
is provided a kit comprising a thrombin, a photoactivatable
metal-ligand complex and an electron acceptor.

In an embodiment the thrombin, metal-ligand complex and
an electron acceptor are separately contained within the kit.

The kit optionally contains buffer, such as phosphate buft-
ered saline, for preparation of solutions of one or more throm-
bin, photoactivable metal-ligand complex and electron
acceptor. The kit may include a weak acid such as acetic acid
to render an otherwise insoluble matrix protein such as fibrin
soluble.

A light source may also be provided in the kit, particularly
where the kit is for use in the field.

In an embodiment a wound closure such as a bandage,
gauze, cloth, tampon, membrane or sponge may be provided
in the kit and, optionally, may be pre-impregnated or pre-
coated with thrombin, a photoactivable metal-ligand complex
and an electron acceptor.

Inan embodiment, a composition comprises one or more of
thrombin, a photoactivatable metal-ligand complex and an
electron acceptor and inert carrier. In particular, these com-
pounds are dissolved in an inert carrier, and a solution com-
prising all three components is applied to the tissue portion. In
particular, the solution is an aqueous solution, and generally
a solution in a buffer such as phosphate buffered saline. Alter-
natively, each of the three components could be applied sepa-
rately, or as separate solutions, prior to irradiation.

The method of application is not critical and may involve
spreading of a solution over the appropriate tissues or over a
region to be sealed or rubbing of one tissue portion on another
to spread the solution.

In an embodiment the thrombin composition further com-
prises human blood factor XIII. Factor XIII is a compound
that strengthens blood clots by forming covalent cross-links
between strands of fibrin.

In an embodiment the thrombin composition further com-
prises aprotinin and factor XIII. Aprotinin is a protein that
inhibits the enzymes that break down blood clots.

In an embodiment a drug (particularly a chemotactic,
growth promoting or differentiation factor but also a conven-
tional drug such as an antibiotic or chemotherapeutic drug) or
other therapeutic agent is applied to said first tissue portion
and/or said second tissue portion, in particular, as a compo-
nent of the composition described above. While not wishing
to be bound by theory it is believed that the therapeutic agent
is captured in the matrix formed by the cross-linking reaction
and so retained in situ for an extended period before the
matrix degrades.

In another embodiment, there is envisaged a method of
joining and/or sealing at least one substrate, comprising the
steps of:

(1) applying a protein or peptide solution, a photoactivat-
able metal-ligand complex and an electron acceptor to at least
one substrate;

(2) irradiating said material to photactivate the photoacti-
vatable metal-ligand complex;

thereby initiating a cross-linking reaction to adhere or join
said substrate to an adjacent substrate.

In one embodiment the protein may be a partially dena-
tured protein such as serum albumin or gelatin or alternatively
a matrix protein such as fibrinogen or collagen.

In an embodiment the protein is applied to a surface of one
or more items to be joined or sealed and irradiated in situ to
photoactivate the photoactivatable metal-ligand complex to
adhere one item to another or seal the surface of one or more
items. Thus the protein may be used as an adhesive or a
sealant and photoactivated to form the adhesive link or make
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the seal. The person skilled in the art will appreciate that
numerous items may be joined or sealed in this way including
items manufactured from glass, metal, wood, thermoplastic
or thermosetting polymeric materials, and so on. The use as
an adhesive or sealant may involve the connection or sealing
of items without restriction as to form, and includes house-
hold items, timber products and manufactured goods. Thus it
is envisaged that the sealant may be used as an adhesive innon
medical applications such as in joining wood products in
mending underwater pipes, in labelling of bottles. These
crosslinked materials provide a non toxic, strong alternative
adhesive to the currently used adhesives.

The present inventors have made the unexpected observa-
tion that self-association can be induced and/or enhanced via
total or partial denaturation of a peptide or protein or by
chemical modification which renders proteins previously in
the native state susceptible to photochemical cross linking.

In an embodiment there is provided a method of joining
and/or sealing materials in a surgical procedure, medical
treatment, comprising the steps of:

(1) applying an at least partially denatured protein, a pho-
toactivatable metal-ligand complex and an electron acceptor
to a substrate;

(2) irradiating said substrate to photoactivate the photoac-
tivatable metal-ligand complex;

thereby initiating a cross-linking reaction to form a matrix
comprising said at least partially denatured protein to seal or
join said substrate to an adjacent substrate;

wherein said at least partially denatured protein has been
rendered more susceptible to cross-linking compared to its
native state.

Ina preferred embodiment said substrate is a tissue portion.

In an embodiment said at least partially denatured protein
is an at least partially denatured matrix protein and said
matrix protein is selected from the group consisting of
fibrinogen, fibrin, collagen, fibronectin, keratin and laminin,
or admixtures thereof.

In an embodiment denaturation occurs by heating.

In an alternative embodiment said at least partially dena-
tured protein is a globular protein in which preferential asso-
ciation has been induced by chemical modification or unfold-
ing. Unfolding of a protein may be induced by raising or
lowering the pH, decreasing or increasing the ionic strength
of'the solution, or in other ways, known to a person skilled in
the art.

In an embodiment physical or mechanical denaturation
techniques are employed. Typically a mechanical force such
as stirring or agitation of a protein solution is used to produce
a “foam”. This may find particular application where a space
filling sealant or adhesive is desirable. Alternatively com-
pressed gas could be introduced to the protein solution to
achieve denaturation and to facilitate delivery of the sealant.

In an embodiment denaturation occurs by way of acid/
alkali treatment or pH adjustment.

In an embodiment said at least partially denatured protein
is gelatin. Gelatin is produced by the partial hydrolysis of
collagen, which causes the natural molecular bonds between
individual collagen strands to be broken down into a dena-
tured form. Typically hydrolysis occurs by lowering the pH.

In an embodiment said at least partially denatured protein
is serum albumin in which the “fast” (F) configuration has
been induced. Typically the F configuration is induced by
reduction of the pH to 4.0 and occurs through dissolution of
serum albumin in a weakly acidic solution or by addition of a
weak acid to an aqueous solution. The N to F transition
involves the unfolding of domain III, with an increase in
viscosity, much lower solubility and a decreased helical con-
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tent. While not wishing to be bound by theory, it is believed
that this transition reveals hydrophobic residues which would
otherwise have been located internally in this (in the N con-
figuration) globular protein and so serum albumin self asso-
ciates when in the F configuration at pH 4.0.

In an embodiment chemical modification is employed to
render susceptible the protein to cross-linking compared to its
native state. Such chemical modification may include the
modification of amino acid side chains to include of aromatic
moieties such as the phenolic moiety present in tyrosine. By
way of example primary amines such as the lysine residues in
a protein may be modified under mild conditions with Bolton-
Hunter reagent (N-succinimidyl-3-[4-hydroxyphenyl|propi-
onate) or water soluble Bolton-Hunter reagent (sulfosuccin-
imidyl-3-[4-hydroxyphenyl|propionate). Equally it may
involve modification of the protein to alter its secondary,
tertiary or quaternary structure. Protein modification agents
are well known to the person skilled in the art and include
reagents which can effect sulthydryl reduction, addition of
sulthydryl or amino groups, protein acylation, etc.

Tissue adhesives of the present invention may also be used
as wound dressings, for example, if applied alone or in com-
bination with adhesive bandages, or as a hemostatic dressing
in the operating room. Adhesives of the present invention may
also be used in non-medical applications such as in pipe
repair, labelling of bottles, as well as in general adhesive and
sealing applications.

Accordingly, an embodiment provides a closure for a
bleeding wound comprising a substrate suitable for applica-
tion to a wound to stem bleeding, wherein said substrate is
impregnated or coated with an at least partially denatured
protein, a photoactivatable metal-ligand complex and an elec-
tron acceptor, wherein said at least partially denatured protein
or chemically modified protein is rendered more susceptible
to photochemical cross-linking compared to its native state.

In an embodiment the substrate is a bandage, gauze, cloth,
tampon, membrane or sponge.

Additionally this embodiment provides a method of stem-
ming bleeding from a wound comprising applying a closure
as described to the wound and irradiating the closure and
surrounding tissue.

In a further embodiment there is provided a composition
comprising an at least partially denatured protein, a photoac-
tivatable metal-ligand complex and an electron acceptor,
wherein said at least partially denatured protein or chemically
modified protein is rendered susceptible to photochemical
cross-linking compared to its native state or susceptibility to
photochemical cross-linking is enhanced.

A further embodiment provides a kit comprising an at least
partially denatured protein, a photoactivatable metal-ligand
complex and an electron acceptor, wherein said at least par-
tially denatured protein or chemically modified protein is
rendered more susceptible to photochemical cross-linking
compared to its native state.

In an embodiment the at least partially denatured protein,
metal-ligand complex and an electron acceptor are separately
contained within the kit.

The kit optionally contains buffer, such as phosphate buft-
ered saline, for preparation of solutions of one or more of the
denatured protein, photoactivable metal-ligand complex and
electron acceptor. The kit may include a weak acid such as
acetic acid to allow for in situ denaturation.

A light source may also be provided in the kit, particularly
where the kit is for use in the field.

In an embodiment a wound closure such as a bandage,
gauze, cloth, tampon, membrane or sponge may be provided
in the kit and, optionally, may be pre-impregnated or pre-
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coated with an at least partially denatured protein, a photoac-
tivable metal-ligand complex and an electron acceptor.

Inan embodiment, a composition comprises one or more of
an at least partially denatured protein, a photoactivatable
metal-ligand complex and an electron acceptor and inert car-
rier. In particular, these compounds are dissolved in an inert
carrier, and a solution comprising all three components is
applied to the tissue portion. In particular, the solution is an
aqueous solution, and generally a solution in a buffer such as
phosphate buffered saline. Alternatively, each of the three
components could be applied separately, or as separate solu-
tions, prior to irradiation.

In an embodiment a drug (particularly a chemotactic,
growth promoting or differentiation factor but also a conven-
tional drug such as an antibiotic or chemotherapeutic drug) or
other therapeutic agent is applied to said first tissue portion
and/or said second tissue portion, in particular, as a compo-
nent of the composition described above. While not wishing
to be bound by theory it is believed that the therapeutic agent
is captured in the matrix formed by the cross-linking reaction
and so retained in situ for an extended period before the
matrix degrades.

MODES FOR PERFORMING THE INVENTION

At least in preferred embodiments the invention provides a
rapid, specific and biocompatible process for covalent cross-
linking of selected proteins (soluble and/or insoluble),
including ECM proteins. The articles which result may be
used in contact lens, sheet dressings of wound dressings or
pads, as breast implants, as cartilage implants, as a compo-
nent in nerve sheaths and novel blood vessel constructs, as
components in water retention applications or 3 dimensional
cell culture matrices or in orthopaedic applications.

The materials are porous and potentially resorbable and so
particularly useful as scaffolds that can be used directly as
injectable hydrogels or engineered into structures for e.g.
delivery of cells; reconstruction of soft tissues/organs includ-
ing skin; directed migration and population by endogenous
cells; delivery or augmentation of enzymes/growth factors
etc; also cross-linking or treatment of acellular or naturally
derived tissues/organs; also scaffolds for culturing cells.
Additionally control can be exerted over the biomechanical
properties of the materials by various means e.g. composition
of the protein matrices and regulation of degree of cross-
linking. Advantageously, bonding of the matrices/scaffolds to
endogenous ECM at the site of application is believed to take
place. Furthermore, degradation/resorption rates can be var-
ied by controlling the parameters outlined above.

The present inventors have found a means of preparing
tissue scaftfolds and matrices using soluble ECM components
or other molecules which preferentially associate and form
covalently linked, high-molecular weight hydrogels using a
novel, cell-compatible process. The process can be used to
construct stable, proteinaceous scaffolds for the delivery of
cells or for organ and tissue reconstruction as well as matrices
suitable e.g. for burns and open wound treatment, soft tissue
implants and cell culturing.

The cross linking imparts a mechanical stability and deg-
radation control that is lacking in the current materials.
Another major advantage of this system is the controllable
and rapid gelation of preferentially associa